This review reflects the status (in early 1973) of the problem of producing photoemitters and secondary and field emitters based on a new principle, that of obtaining semiconductor structures with negative electron affinity (ΝΕΑ). The energy level scheme of the surface region of a semiconductor with ΝΕΑ is examined, as well as the conditions for its realization. The main theoretical concepts of the mechanism of the emission from ΝΕΑ emitters are developed, and the difference between their characteriistics and the corresponding characteristics of ordinary emitters are indicated. The technology is discussed of the production of ΝΕΑ photocathodes for the visbile and infrared region of the spectrum, based on III-V semiconductor compounds (principally GaAs) and their solid solutions. Aspects of the production of semitransparent ΝΕΑ photocathodes and secondary emitters operating in transmission are noted. The principal parameters of the experimental and commercial ΝΕΑ photocathodes and secondary electron emitters are given. Data are reported on the use of surfaces with ΝΕΑ in field-emission film cathodes, the operating principle of injection and optoelectronic field emission cathodes is described, and their present-day parameters are given.
Practically all of the technical photoemission and secondary-emission materials that have been used up to now in photoelectric devices (vacuum photocells, photomultipliers, electron-optic converters, transmitting television tubes) were discovered in the period from 1930 to 1955 through empirical searches, technological tests, and chance findings. The first attempts to study systematically the properties of emission materials and to develop theoretical views of how they work were undertaken in [1939] [1940] . These studies were renewed at the end of the forties and intensified, having started to grow anew in connection with the creation of a general theory of semiconductors. These studies, mainly on the photoemission properties of the alkali antimonides, resulted in formulation of the main requirements that efficient emitters of photo-and secondary electrons must satisfy/ 1 " 33 The process of any non-equilibrium electron emission consists of three stages: 1) excitation, 2) transport to the surface, and 3) escape of the electrons into the vacuum. In photoemission, the first stage is determined by the optical properties of the material, and in secondary emission, by the laws of interaction of fast primary electrons with the solid. The latter stages differ little in photo-and secondary emission.
The transport of excited electrons is usually characterized by the effective escape depth, i.e., the mean distance that they can travel while yet remaining able to escape. The greater the escape depth of the electrons is in comparison with their excitation depth, the more efficient the emitter is. In the usual semiconductor materials, hot electrons participate in emission, and they remain able to be emitted until they dissipate part of their excess energy and are left in an energy level below the vacuum level. The scattering length of hot electrons (which is equal to their escape depth) is determined by the nature of their interaction with the solid. If the electrons can dissipate energy by exciting valence electrons of the semiconductor (i.e., in impact ionization, which is accompanied by generation of electron-hole pairs), then the scattering length does not exceed the mean free path, which is 10-20 A.
If such interactions are energetically impossiblefor photoelectrons excited near the threshold of the photoeffect, they are impossible if the material possesses an electron affinity 11 smaller than the width of the forbidden band, then the main form of dissipation of energy of hot electrons will be interaction with optica phonons and lattice defects. Then the escape depth of hot electrons depends on their energy, and it can exceed by factors of tens the mean free path, being as much as -150-300 A. In fact, even in this most favorable case, the escape depth of hot electrons proves to be substantially less than the depth of optical absorption, especially near the threshold of the photoeffect, where the absorption coefficient is small (a ~ 10 4 cm" 1 ; l / α ~ 1
Semiconductors having a small enough electron affinity (at least having % a < £g) and any further decrease in 8 a will improve the transport properties, and thus must improve the emission efficiency of the material. We can say that the electron affinity of semiconductors is the main parameter that determines their emission efficiency. Figure 1 shows the energy diagrams of the surface regions of semiconductors having p-and η-type conduction. As we see, the bending of the bands at the surface has the result that the effective electron affinity (i.e., the energy spacing from the vacuum level to the bottom of the conduction band in the bulk of the material beyond the narrow band-bending region) declines for p-type semiconductors, but increases for η-type, as compared with weakly-doped semiconductors having flat bands. In addition, since the bands are bent upward in η-type semiconductors, this creates an additional barrier for conduction electrons at the vacuum boundary. Conversely, the bending of the bands in p-type semiconductors favors emission. Hence p-type semiconductors are better emitters than n-type.
As studies have shown, all of the known technical photocathodes that can be classified as "efficient photoemitters" (having quantum yields >0.1 at relatively short distances from the threshold) confirm these ideas: they are semiconductors having low electron affinities and p-type conduction.
The most sensitive of the photocathodes, which belong to the class of A*BV compounds, is a muItialkali photocathode of composition K, Na, Cs-Sb. It is characterized by the following parameters: a mean integral sensitivity 200-250 μΑ/lumen, and in the modern, perfected modification, up to 450 μΑ/lumen and even 600 μΑ/lumen with optical amplification using total internal reflection. The peak of the spectral characteristic lies 1.0-1.5 eV from the threshold, and the quantum yield at the peak is as much as 0.2-0.4. The threshold wavelength is as long as 940-960 nm for the best specimens. The quantum yield is 3-4% in the 800 nm region. The thermal current density at room temperature is ~10~1 5 A/cm 2 .
The secondary-emission properties of materials are also mainly determined by transport of relatively slow secondary electrons, and the conditions that ensure a high secondary-emission coefficient practically coincide with those for high photoemission efficiency, but without the restrictions on optical properties and on the width of the forbidden band. Photomultiplier dynodes are most frequently oxides of magnesium or beryllium and photosensitive CsaSb films. At the peak of the photoemission characteristic (with a primary voltage of 0.8-1 kV), the secondary-emission characteristic of these materials is as great as 10-15.
The formulation of clear-cut ideas on the mechanism of emission by semiconductors has opened the path to purposefully influencing the properties of the materials in order to raise their emission ability. As we see from the abovesaid, they fundamentally amount to developing ways of reducing the electron affinity of semiconductors.
The following evident relationship exists between the photoemission threshold h^o and the work function φ of a semiconductor:
Here &$ is the energy gap between the top of the valence band and the Fermi level.
We get from Eq. (1) der to reduce the electron affinity S a of a material having a fixed width of forbidden band: a) reduce the work function φ , and b) reduce 6g . The ways of reducing the work function have been well studied; in order to do this, one coats the surface with a film of electropositive atoms (e.g., cesium) or molecules having a large dipole moment (BaO, CsF, etc.). One can attain the other goal of decreasing 6g by doping the semiconductor with an acceptor impurity: the higher the degree of doping, the lower the Fermi level is dropped.
The limiting manifestation of these efforts is to lower the electron affinity to zero or even to a negative value. In order to do this, as we see from (2), we must increase the acceptor concentration to a level such that the Fermi level coincides with the top of the valence band (eg =0). If here we lower the work function at the surface of the semiconductor to a value equal to or less than the width of its forbidden band, we get , % a = βφ -% e < 0.
The Dutch physicists Scheer and van Laar C4] first produced a photoemitter having a zero electron affinity in 1965.
To reduce the work.function, they used a nearlymonatomic cesium film. When the latter is adsorbed onto a clean surface of a material, the work function of the latter acquires at the minimum a value approximately equal to the ionization energy of the adsorbed cesium atoms (~1.4 eV). Gallium arsenide proved to be the most suitable material for making a photoemitter having zero electron affinity: it has gg= 1.4 eV, straight bands that make possible high optical absorption near the edge of the intrinsic band, and it easily dissolves an impurity (e.g., Zn) in very high concentration (>10 19 cm" 3 ). The first photocathode was prepared according to this system from GaAs with a Cs film on a surface cleaned by cleaving a single GaAs crystal in an ultrahigh vacuum. It immediately showed an integral sensitivity of 500 μΑ/lumen, which exceeded by a factor of two the sensitivity of the most efficient of ordinary photocathodes, and it had a photoemission threshold that coincided with the long-wavelength optical absorption edge (hi> 0 = %g).
The absence of a potential barrier at the surface of a semiconductor having zero or negative electron affinity fundamentally changes the nature of emission processes. Figure 2 shows the emission diagrams and the energy distribution of emitted electrons for semiconductors having positive and negative electron affinities. As we see, when there is no potential barrier, not only hot electrons can participate in emission, but also thermalized electrons, i.e., electrons that have dropped to the lower levels of the conduction band. This fundamentally changes the mechanism of transport of the excited electrons: it is converted from transport of 
(2)
We can easily see that we should do the following in or-hot electrons into diffusion of minority carriers in the semiconductor.
The lifetime of thermalized electrons, which is governed by recombination, is 10" 8 -10" 9 sec for AIHBVtype semiconductors, and ~10" 6 -10" 5 sec for Si. That is, it exceeds by a large factor the time for thermalization of hot electrons (10~1 4 -10~1 2 sec). The escape depth of the photoelectrons coincides with the diffusion length of electrons in the semiconductor, which usually considerably exceeds the escape depth of hot electrons, and it can exceed the optical absorption depth l / α even near the edge of the intrinsic band.
Achievement of a negative electron affinity permits most of the excited photoelectrons to escape into the vacuum, and this leads to very high quantum yields, even in the immediate vicinity of the photoeffect threshold hiO= 8g.
At high doping levels of the semiconductor, which is one of the conditions for achieving zero electron affinity, the width w of the band-bending region at the surface does not exceed 50-100 A. Thus, we can assume that all of the radiation is absorbed in the bulk of the semiconductor beyond this region. The electrons that are excited at a distance of the diffusion length from the surface are quickly thermalized. As they diffuse to the surface, they enter the band-bending region. An electric field is concentrated there and accelerates them toward the surface. In the band-bending region, the thermalized electrons again become hot electrons. That is, the mechanism of phonon energy loss acts on them, and reduces their probability of escape. At a high enough concentration of doping impurity, the width of the band-bending region does not exceed substantially the mean free path of the electrons for phonon scattering, and the electrons pass through it with insignificant losses. By lowering the work function to the point of negative electron affinity, one can reduce the "detrimental" part of the band-bending region, i.e., the part of it where the bottom of the conduction band lies below the vacuum level.
The spectral characteristics of photoemitters having negative electron affinity (ΝΕΑ photoemitters) differ from ordinary photocathodes in their uniformly high quantum yield over a broad spectral range up to the photoemission threshold, which is determined by the width of the forbidden band of the material. That is, they are distinguished by a steep rise in spectral sensitivity near the threshold. ΝΕΑ emitters of secondary electrons are characterized by considerably higher secondaryemission coefficients for high-energy primary electrons, which penetrate to great depths into the material.
Since most of the excited electrons can thermalize before escaping into the vacuum, ΝΕΑ emitters, both photo-and secondary emitters, differ from ordinary emitters in their considerably narrower energy spectrum of emitted electrons and smaller mean value of initial energy (as we can see from Fig. 2 ).
James, Moll, and Spicer t5 " 73 have developed a quantitative theory of action of ΝΕΑ photoemitters based on the example of gallium arsenide coated with a film of cesium. are thermalized in the Γ\ minimum of the lower conduction band. When ην > 1.75 eV, part of the electrons is excited to levels above the Xi minimum, and are either thermalized into it, or are scattered from the Xi minimum into the T l minimum. The distribution of optically excited electrons between the ΓΊ and Xi minima can characterize the coefficients F r and Fx as functions of he, and they are calculated from the band structure of GaAs. When hf>2.3 eV, a considerable fraction of the electrons is excited near the surface (the absorption coefficient a is large here), and they escape into the vacuum as hot electrons.
Let us assume that we can neglect absorption of radiation in the band-bending region and in the surface film of cesium and that direct recombination of electrons from the Xi minimum to the valence band does not occur. Then we can describe the motion of electrons thermalized in the two minima to the surface (along the ζ axis normal to the surface) with the following diffusion equations:
Here ζ is the distance of the emitter from the surface, the D are the diffusion coefficients of Γ and X electrons, TV is the recombination lifetime of Γ electrons, and Txr is the relaxation time for scattering of electrons from the X to the Γ minimum. The term ηχ/τχΓ simultaneously determines the rate of generation of electrons in the Γ minimum by scattering from the X minimum and the rate of loss of electrons from the X minimum.
The term containing the exponential factor in both equations determines the rate of optical generation of electrons. J is the number of photons incident per unit surface of the emitter, and R is the coefficient of reflection of the material.
Simultaneous solution of these equations permits us to determine the flux density of electrons arriving at the boundary of the band-bending region. Upon introducing the factors Ρχ and P r , which characterize the probability of escape of electrons into the vacuum, we get the following expressions for the quantum yield of photoemission (i.e., the numbers of emitted electrons per incident photon):
Here L = VDT= τ/μτ^Τ/β) is the diffusion length of the electrons.
We see from expressions (6) and (7) that one can get the largest quantum yield in an NEA-photocathode when the diffusion length of the electrons is so large that it satisfies the inequality
while the probability of escape of the electrons at the surface Ρ -• 1. In the limit, the quantum yield near the threshold of the photoeffect (Yr) approaches ( l -R ) P r . The diffusion length L r of the minority carriprs is a bulk property of the emitter material. Its size depends on the perfection of structure of the semiconductor, which is determined by its method of preparation. Everything that reduces the recombination time of electrons or lowers their mobility (extremely high doping levels, presence of contaminating impurities, lattice defects, dislocations, and precipitates) also reduces the diffusion length Lp. Thus, an increase in the acceptor concentration from l x 10 19 to 4x 10 19 cm" 3 decreases Lf from 1.6 to 1.0 Mm. :i4 > 203 The requirement of a high concentration of acceptors for lowering the Fermi level in the bulk and for decreasing the width of the band-bending region at the surface contradicts the requirement for a long diffusion length of electrons. Hence, an optimal doping level that permits a reasonable compromise between these parameters is chosen for each material.
In the first photoemitters based on single crystals of GaAs doped with zinc at concentrations l-3x 10 19 cm" 3 , Lp was as much as 1.2-1.6 μΐη.
1 6 ' 1 7 ' 2 0 1 Increases in diffusion length have been gained in different ways: by perfecting the methods of growing single crystals or methods of preparing epitaxial GaAs films, by reducing the doping level with compensation for the widened bandbending region by a more substantial reduction in the work function, e.g., by coating the surface with an activated film instead of cesium. Such a film can be obtained by successive (or simultaneous) treatment with cesium and oxygen C8>15>23] or by using films of other compounds having high dipole moments, e.g., CsF, CsOH, etc.
1 1 1 ' 1 2 ' 1 3 ' 2 1 3 In the best modern photocathodes based on GaAs doped with zinc at a concentration ~5 x 10 18 cm" 3 , a diffusion length of electrons of as much as ~6 Mm has been obtained. 11303 It has been possible to get larger diffusion lengths by using as the dopant in GaAs silicon, germanium, or manganese instead of zinc. C 2 6 ' 2 7 ] A value L r~ 5-7 Mm has been obtained in epitaxial gallium arsenide doped with Ge at concentrations 5xlO 17 -2x 10 18 cm" 3 .
The probability of escape of electrons from the surface of a photoemitter is determined by their scattering in the subsurface band-bending region and in the activating film that lowers the work function of the cathode. In order to increase P, one must reduce the width of the band-bending region, or as it were, the width of its "detrimental" portion (by more substantial reduction of the work function) and one must also use optimal activating coatings of small thickness. Reduction of the work function, i.e., increase in the difference %g-e<p (the absolute value of the negative affinity) must have its reasonable limits, since the thermoemission of the photocathode increases with decreasing φ . Bell Cl8 ' 193 has calculated all the possible components of the thermoemission current for a typical GaAs-Cs-O photocathode and other A^I B V compounds. The theoretical relationship that he got between the specific thermocurrent and the work function φ at the surface shows that the thermoemission of GaAs-Cs-O is insignificant at zero electron affinity (10~1 9 -10~1 8 A/cm 2 under the crudest assumptions). However, it increases to 10" 16 -10" 15 A/cm 2 as the work function is reduced to 1.2 eV (although even here it remains at the level of the best ordinary modern photocathodes).
One can reduce the energy losses in the band-bending region by narrowing this region, not only by increasing the acceptor concentration NA, but also by decreasing the amount of bending Ag of the bands, as determined by the position of the Fermi level with respect to the top of the valence band at the surface of the material. The width of the band-bending region, which must not substantially exceed the scattering length for hot electrons, is determined by the expression
0)
where e is the dielectric constant of the material, and Ag is the amount of bending of the bands, as determined by the distance from the top of the valence band to the Fermi level at the surface. The smaller Ag is, the smaller the doping level NA that permits one to get the required value of w, on which the escape probability Ρ of electrons depends.
A number of studies t 3 5 " 4 0 ] has discussed the problem of the position of the Fermi level at the surface of GaAs. Measurement of the height of the Schottky barrier at the boundary of GaAs and a thick Cs film indicates stabilization of the Fermi level at a distance of 0.6 eV t372 from the top of the valence band.
The density and distribution of surface levels that stabilize the Fermi level at the surface of gallium arsenide coated with an adsorbed film are determined by the nature, and perhaps the thickness, of the adsorbed film. Thus, a value of Ag «0.45 eV has been obtained for gallium arsenide covered with a monatomic layer of cesium.
[3SJ Activation of photocathodes by successive treatment of the surface of the gallium arsenide with cesium and oxygen not only gives a smaller work function, but it also gives rise to less bending of bands than a monolayer of cesium does. The value of Ag is0.25-0.3 eV for GaAs activated with a Cs-0 film.
In t3o:1 , they studied the relation of the band bending to the crystallographic plane of GaAs activated with a Cs-0 film. It turned out that the (110) face commonly used in single-crystal photocathodes is characterized by stabilization of the Fermi level at the surface covered with a Cs-O film at the distance Ag =0.23 eV, and the (100) face has the close-lying value Ag = 0.28 eV. The (lllA)-face having Ga atoms at the surface shows a considerably greater band bending Ag =0.86 eV, while the (111B) face with As atoms at the surface has the smallest value Ag =0.1 eV.
In a specimen having a Z η impurity concentration -5X10
18 cm" 3 , the width of the band-bending region at the surface of the (111A) and (111B) faces amounts to 155 and 51 A, respectively, while the escape probabilities of electrons are 0.21 and 0.49 (and of the order of 0.3 for the (110) and (100) faces). The highest value ever measured of the integral sensitivity was obtained with a photocathode specimen prepared by activating a (111B) face of epitaxial GaAs with cesium and oxygen. It was 2060 μΑ/lumen (with an escape probability Ρ = 0.58 and electron diffusion length L = 6 Mm).
There are two conceptions on the role of the activating film on the surface of the GaAs, and in particular, on the explanation of the nature and mechanism of action of the coating, as obtained by repeated alternate (or simultaneous) deposition on the surface of cesium and oxygen (up to 6-10 Cs-O layers): the heterojunction model and the polarized-dipole model. The heterojunction model t».i5,i6,22,23,28,3o: t r e a t g t h e s u r f a c e l a y e r as being a film of cesium oxide (assumed to be Cs 2 O), and ascribes to it the bulk properties of this material, which is a broad-band electronic semiconductor (gg = 2-2.2 eV) having a high donor concentration of ~1<? 9 cm" 3 , a small electron affinity Sa=0-45 eV, and a low work function (which decreases with greater thickness of the Cs 2 O film). According to the heterojunction theory, a potential barrier exists at the p-AHlBVn-Cs 2 O boundary (a potential jump in the conduction band). The height of the barrier above the Fermi level is determined by the relationship between the electron affinities and the widths of the forbidden bands of the p-and η-type materials. In calculating the height of this barrier, one takes account of the fact that the CS2O film is deposited on a GaAs surface already treated with cesium, i.e., on a surface whose work function has already been reduced. An estimate of the minimum height of the intermediate barrier at the GaAs(Cs)-Cs 2 O junction with account for tunneling of electrons through its upper part gives the value of 1.1 eV. Thus the intermediate barrier does not restrict the threshold for photoemission from GaAs. When one uses materials having narrower bands, GaSb or ternary AEIBV compounds, the photoeffect threshold is determined by the greatest of the three energies: the width gg of the forbidden band, the height SB of the intermediate barrier, or the work function e<p. Thus, in a study of materials having gg<e<p, lowering the work function shifted the photoeffect threshold toward longer wavelengths until the work function became smaller than 83 · In agreement with this model, the existence of a heterojunction barrier that limits the photoemission threshold makes it impossible to prepare ΝΕΑ photocathodes having thresholds λο>1.2-1.3 μΐη.
In agreement with the heterojunction model, one cannot shift the threshold to longer wavelengths solely by using semiconductor materials having narrower forbidden bands (and correspondingly having a smaller work function so as to maintain the condition e<p < 8 g). One must take measures for simultaneous lowering of the height of the intermediate barrier, e.g., by special treatment of the surface of the material before activation.
: i o i : l The critical nature of the thickness of the activating coating arises from the fact that, on the one hand, increase in thickness is accompanied by lowering the work function (owing to band bending in the Cs 2 O layer), and on the other hand, the electrons that pass through this film into the vacuum lose more energy.
Doubts on the correctness of the heterojunction model were raised by a more exact estimate of the thickness of the activating film: as shown by Sommer's 1 2 4 1 measurements, which were carried out by chemical analysis instead of the previous estimates from the fluxes of the introduced amounts of Cs and Ο with assumed high sticking coefficients, the amounts of cesium and oxygen in the film proved to be practically independent of the number of treatment cycles, but corresponded approximately to one monolayer of cesium (~4xl0 14 cm" 2 ) and one monolayer of Cs a O (4.5X10 14 cm" 2 ). At this concentration, it is hardly appropriate to ascribe the bulk properties of the material to the cesium oxide.
In the polarized-dipole model, the greater reduction of the work function of the surface when oxygen is introduced into a cesium-treated specimen is attributed to formation of a double layer of charges and to the larger dipole moment of the combination GaAs-O-Cs compared with the combination GaAs-Cs. C41 ' 42] This model is confirmed by experiments on an electronically-stimulated desorption of cesium from substrates not subjected and subjected to oxygen treatment.
1 '' 433 Recent experiments on infrared photocathodes based on ternary A^B^ compounds 158 " 6 have shown that the assumed limitation of the threshold of the photoeffect by the height of the intermediate barrier of a heterojunction (-1.1 eV, independently of the width of the forbidden band of the substrate material) is apparently not confirmed: it was possible to use InAsP and InGaAs with a monolayer Cs-0 coating to prepare photocathodes having a photoemission threshold hiO = 0.9 eV (λο= 1.4 μηι), which was limited only by the width of the forbidden band of the material. The lowered photoemission quantum yield observed here is attributed to a decrease in the escape probability Ρ of the electrons, which apparently involves a decrease in the absolute value of the negative electron affinity.
While there is as yet no exact quantitative theory of the action of the activating coating, experiment shows that the nature of the surface structure that arises in activation and the potential diagram of the surface region apparently depend not only on the relationship between the energy constants of the substrate and coating materials, but also on the state of the surface of the semiconductor, and on the method of cleaning and treating it.
The state of the surface, the stability of this state, and the effect of various contaminants on the photoemission properties of ΝΕΑ cathodes have been studied with various modern methods of surface analysis: mass spectrometry, U 4 1 Auger spectroscopy, U5>46] the method of electron-stimulated desorption, and study of electronreflection characteristics.
An infinitesimal surface contamination by carbon, which is not removed in the usual methods of thermal cleaning, has been shown to exert a harmful influence on the sensitivity of photocathodes (this implies that oil-less pumping means are needed). It has been shown that instability of photoemission (lowering of the quantum yield in the nearthreshold region of the spectrum) involves instability of the surface activating film, due to desorption of cesium in a continuously pumped space or adsorption of residual gases in sealed devices. Here the escape probability Ρ of the electrons decreases; the bulk properties (the diffusion length of electrons) hardly vary.
We must note that, although a Cs-O activating coating is stabler than a monolayer of Cs, introduction of oxygen increases the desorption cross section of the cesium under electron bombardment. This implies that it seems expedient in preparing ΝΕΑ secondary-electron emitters to limit the activation of the surface to cesium alone, rather than Cs-O.
Films of CsF,CsOH,BaO, etc.,have also been used as activating coatings, instead of cs-O. In line with the fact that the activating film on the surface of ΝΕΑ emitters must have a quite definite optimum thickness, a need has arisen for new, high-purity cesium sources with flux intensities that can be regulated and monitored. Most research centers have used for this purpose either molecular cesium sources with a guided flux, e.g., "channel" sources in the form of a nickel tube filled with a mixture of cesium chromate and Si, or ion sources based on cesium aluminosilicates, impregnated with cesium carbonate, aluminum, or using surface ionization of Cs on a hot tungsten tube. The advantage of the ion sources is that they permit one to monitor the degree of covering of the surface from the size of the ion current. U 7 " 4 9 ] To introduce a controllable amount of oxygen, one uses either flow regulators, which use diffusion of oxygen through a heated thin-walled silver tube, or thermal release of oxygen from higher oxides (MnCb, BaO 2 , etc.).
Practical realization of the principle of building electron emitters having a negative electron affinity and preparation of such photo-and secondary emitters in sealed devices became possible only because of a high level of technology, because of development of methods of preparing high-quality semiconductor materials with perfect crystal structure, development of methods of cleaning their surfaces and optimizing the means of activation, and also because of invention of commercial superhigh vacuum apparatus (one needs a vacuum no worse than 10~9 Torr to prepare ΝΕΑ emitters). Table I gives the fundamental information on experimental photocathodes based on gallium arsenide prepared by cleaving single crystals in a superhigh vacuum (Sec. a of Table I ) and on commercial types of photocathodes prepared by using polycrystalline or epitaxial films of this material and cleaning the surface by brief radiation heating to a temperature close to the dissociation point of this compound (-650° C).
As we see, optimization of the method of preparing the material, the doping level, and the surface activation has permitted gaining a mean level of integral sensitivity of gallium-arsenide photocathodes of -1000 μΑ/lumen (with a thermal emission of ~10" 16 A/cm 2 ), even in sealed devices, with twice as high a sensitivity in experimental apparatus. Figure 4 shows the spectral characteristics of the first GaAs-Cs photocathode of Scheer and van Laar in 1965 (on a cleaved single crystal) and of two modern gallium-arsenide photocathodes, one being a cleaved GaAs(Zn) C383 The development of new ideas on the factors that affect the photoemission efficiency has facilitated in recent years a considerable refinement of ordinary photoemission materials. For comparison, Fig. 8 shows the characteristics of a standard (S-20) and a new modification (ERMA-ni) of a multialkali photocathode. Figure  5 gives the spectral characteristics of two types of NEA-photocathodes used in commercial types of photo- multipliers by the RCA firm. As we see, the ΝΕΑ photocathode has a high and uniform efficiency up to a wavelength λ~850 nm, where the spectral sensitivity of the GaAs cathode exceeds 100 mA/W, while it is 15-20 mA/W in the best multialkali photocathodes. It is inferior to the multialkali photocathode only in the spectral range X>900nm.
In order to prepare infrared-sensitive photocathodes, materials having narrower bands are used, mainly ternary AHIBV compounds, whose widths of forbidden bands can be smoothly varied by varying the ratio of components in the solid solution.
: 5 0 ' 5 8 ' 6 0 -6 2 ] It was shown possible in 1970 to achieve a negative electron affinity in silicon.
C59>84] Although silicon is distinguished by its very large minority-carrier diffusion length, it could hardly be classified as a promising material for preparing photocathodes: having indirect bands, silicon has a low optical absorption near the threshold. This leads to a smoother trend of the spectral characteristic in the near-threshold region. Silicon can be successfully used to prepare other types of ΝΕΑ emitters, e.g., secondary or cold cathodes. As we have stated above, the shift of spectral characteristics to longer wavelengths as the width of the forbidden band of AUIBV decreases is accompanied by impairment of form and decrease in quantum yield .
2) It has been possible to shift the photoemission threshold without substantially lowering the quantum yield by using films of GaAsxSbj-χ of variable composition, having a forbidden band that narrows smoothly in the direction toward the surface. Owing to the slop^ of the lower boundary of the conduction band, such films contain an internal field that facilitates transport of excited electrons to the surface. t57] Figure 6 shows the spectral characteristic of this cathode, as well as the characteristic of a homogeneous GaAsSb cathode having a forbidden-band width g g = l . l eV. The best results in making efficient photocathodes for the infrared have been obtained with the ternary compounds InAsi-χΡχ and In x Gai-X As. Figure 7 shows the spectral characteristics of two photocathodes based on InASi-χΡχ (x = 0.6 and 0.85) according to C58] , together with the envelope curve that shows the maximum sensitivity of photocathodes of this composition as optimized by varying χ and the thickness of the activating coating for operation in this spectral region.
[6o:i For comparison, the dotted lines show the spectral characteristics of a multialkali (S-20) and a silver-oxygen-cesium (S-l) photocathode. Figure 8 shows the spectral characteristics of several photocathodes based on InxGai-xAs. The eo, ιοί 57 59 thin lines refer to the cathodes in commercial sealed devices.
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The visible lack of a limitation of the photoemission threshold by an intermediate barrier (but with limitation only by the width of the forbidden band of the material) permits us to expect that we can shift the photoemission threshold as far as wavelengths of -1.8 μπι by further improvement of the quality of the used materials and means of activating them (in line with the actually attainable minimum work function ~0.7 eV). Table II gives the fundamental information on ΝΕΑ photocathodes sensitive to the infrared.
The first reports of commercial production of photomultipliers having gallium arsenide (and gallium arsenide-phosphide for the visible spectrum) photocathodes appeared in 1969. The first devices with photocathodes sensitive to the infrared were already being produced in 1970, and they were designed for detecting infrared ra-diation of light emitting diodes and lasers. For operation with light emitting diodes and injection lasers based on gallium arsenide (λ= 930-950 nm), one uses mainly photocathodes based on InxGai-xAs (0.05<x<0.10). It has a spectral sensitivity in this spectral region of -30-40 mA/w and a thermal emission that does not exceed 10" 16 A/cm 2 . At this wavelength, ordinary photocathodes, e.g., the S-20, have a spectral sensitivity of ~0.1 niA/W, and S-l photocathodes have ~l-2 mA/W (and the latter have a thermal emission at least three orders of magnitude greater!). Photocathodes of the same composition optimized for operation in the region of Nd laser emission (1.06 Mm) are characterized by a larger percentage of In (0.15 <x< 0.25). Their spectral sensitivity at 1.06 Mm is as great as 15-17 mA/W(a quantum yield of ~2%). That is, it exceeds by a factor of several tens the sensitivity of the standard S-l cathode, while the thermal emission amounts to only ~10 15 A/cm 2 .
On the practical level, the development of technologically feasible methods of preparing ΝΕΑ photocathodes in the form of films is of greatest interest, and especially thin semitransparent films on transparent substrates for use as cathodes illuminated from the back ("transmission mode").
A series of studies has calculated^9" 713 the optimum thickness of the photosensitive layer for getting the maximum sensitivity in illumination from the back and the relation of this sensitivity to the quality of the material (the diffusion length for electrons), to the defect density at the cathode-substrate boundary (the rate of surface recombination), and to the optical properties of the system (reflection at the cathode-vacuum and cathode-substrate boundaries). Analysis of the operation of a semitransparent GaAs photocathode shows that near the threshold of the photoeffect (up to hv= 1.45-1.75 eV) one can get a photoemission quantum yield that even exceeds the corresponding quantity in direct illumination with a thickness of photosensitive film not exceeding the diffusion length for electrons. However, a number of conditions must be satisfied (absence of lattice-mismatch defects at the cathode-substrate boundary, and optical coating of the illuminated surface). The spectral dependence of the quantum yield in illumination from the back has a maximum at a definite value of the product ah that depends on the thickness of the film (a is the optical absorption coefficient of the material).
In order to prepare semitransparent photocathodes, one needs high-quality materials not inferior in their bulk properties to the single crystals used in preparing good opaque cathodes. We can cite the following calculated relation.
A GaAs photocathode having L = 1.6 Mm and Ρ = 0.37 has at hf= 1.5 eV a direct-illumination quantum yield Υ = 0.139. A semitransparent photocathode made of the same material with a film thickness of 1.2-1.6 Mm can have a quantum yield -0.144 in the absence of surface recombination without coating, or 0.216 when coated. However, if the diffusion length proves to be an order of magnitude shorter (0.16 Mm), the quantum yield in backward illumination decreases by more than an order of magnitude, while it requires a considerable decrease in film thickness to optimize it. Owing to the small optical absorption coefficient pear the photoemission threshold (a ~ 1 Mm" 1 for GaAs), the diffusion length for electrons in semitransparent films must be greater than 1 Mm. Preparation of thin tilms (of the order of 1 Mm) that maintain a high quality of material presents great technical difficulties. One can get very thin films by vacuum sputtering (the three-temperature method) *" , but they are polycrystalline with a fine-grained structure and have a diffusion length of only several hundred Angstroms. Films having L s 4000 A have been prepared by a modified cathode-sputtering method.
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One gets the best quality of films by preparing them by the method of vapor-phase or liquid epitaxy, but starting only with a certain, not too small thickness. Liquid-phase epitaxy permits one to monitor exactly the stoichiometry, the degree of doping, and the structure of the films during the growth process/ 6 6 3 but it requires a subsequent cleaning of the surface by etching. Vapor-phase epitaxy is the most practically-developed method, which does not require subsequent etching.
The need for a low defect density at the substratecathode boundary requires a careful choice of the substrate material. People have tried to use as substrates glass, fused or single-crystal sapphire, and silicon, which is transparent in thin films in the long-wavelength region.
In order to maintain good structure in the transverse direction (normal to the surface of the film), polycrystalline films were prepared with grain sizes equal to the film thickness (0.6-0.8 Mm). [71] Even here, however, the sensitivity of the photocathodes in transmission remained more than an order of magnitude below that in direct illumination. It seems most promising to prepare epitaxial films on crystalline substrates having close-lying lattice parameters, i.e., on AHIBV compounds having wider forbidden bands. Semitransparent photocathodes have been described that are made of GaAsSb (gg= 1.15 eV) on a substrate made of chromium-doped gallium arsenide, which is transparent to 1. 4 t62] We should note that substrates of this type serve as optical filters that restrict the sensitivity of the photocathodes in the short-wave region of the spectrum.
As the technology of preparing materials having great diffusion lengths for electrons is perfected, people will be able to solve the problem of making semitransparent photocathodes without substrates in the form of mechanically strong free films (plates) several microns thick. Table III gives the fundamental information on experimental semitransparent photocathodes based on AHIBV, and Fig. 9 shows the experimentally obtained spectral characteristics of these cathodes made of GaAs and of two types of ternary compounds based on GaAs.
Use of materials having negative electron affinity as secondary-electron emitters is facilitated by the fact that one can use for this purpose semiconductors having wider forbidden bands, and the conditions for negative affinity are satisfied at higher values of the work function than for photoemission. Consequently, secondary emitters are less sensitive to poorer vacuum. This made it possible to produce as early as 1968 photomultipliers having dynodes (or with a single first dynode) made of gallium phosphide (gg = 2.3 eV) activated with a cesium film. The great escape depth of secondary electrons in ΝΕΑ emitters gives rise to extremely high values of the secondary-emission coefficient (SEC) in the high-energy region of primary electrons. Thus, the calculated SEC (σ) of GaP-As at the maximum is a m~2 5O at U p~2 0 kV. C76] At U p = 2.5 kV, σ= 130 has actually been obtained, and σ= 30-50 at Up=600 v. t77 " 83:l A secondary-emission coefficient -400 has been obtained in epitaxial GaAs-Cs-0 at Up = 20 kV. :80] There is a report of a calculated value of CT m~ 1000 for this material. [ 8 1 ] The lack of any restriction by optical properties permits one to use more widely as secondary emitters materials having a great diffusion length, e.g., silicon, by preparing from them transmission secondary emitters in the form of free thin plates (films) without supporting grids. Figure 10 shows the emission characteristics of silicon activated with Cs-0 upon electron bombardment of a plate 4-5 Mm thick on the front ("reflection") and back ("transmission") sides. [ 8 4 ] It also shows the characteristics in reflection of the emitters GaP-Cs, GaP-Cs-O, and GaAs-Cs-O, and for comparison, one of the materials (CsaSb) commonly used in photomultipliers. Apparently, the use of silicon diodes in photomultipliers will be hindered by their high thermal emission, which is as much as ~10' 10 A/cm 2 at room temperature. Cl06] There is a description of a transmission secondary emitter based on GaP in the form of a film ~0.2 μπι thick, epitaxially grown on GaAs with the substrate subsequently etched away. At Un= 2 kV, the SEC of such emitters is as great as -100.
In thin plates of GaAs (3-5 μΐη), people have obtained at U p = 10 kV an SEC ~115 in reflection and up to 30 in transmission. Currently the American industry produces up to 40 types of photomultipliers having ΝΕΑ emitters. Use of GaAs-Cs-0 photocathodes with a mean integral sensitivity of ~1000 μΑ/lumen and thermal emission ~10" 16 A/cm 2 in a photomultiplier permits a considerable improvement of their threshold characteristics, and it makes of these devices unique photodetectors that can detect single photons. [86) Use of first dynodes made of gallium phosphide with an amplification of ~50 instead of 3-5 substantially improves the statistics of the emission processes. This makes it possible to reduce the noise factor introduced by the dynode system from 0.25 for the best ordinary photomultipliers to 0.04. Thus the photomultiplier becomes an ideal device in which amplification is not accompanied by an increase in noise, and the sensitivity threshold is determined solely by the statistical fluctuations of the thermal emission of the photocathode. With slight cooling to -20° C, the dark current in these photomultipliers amounts to ~2 pulses per second.
The high amplification of the first dynode sharply improves the amplitude resolution of the photomultiplier. This is especially important in detecting very weak scintillations from low-energy radiation. The photomultipliers have a narrow electron distribution, with a half-width for a single-electron pulse of ~40%, and they permit one to distinguish clearly up to six electron peaks.
In line with the narrowing of the energy spectrum of the photo-and secondary electrons, the time resolution of the photomultipliers is also considerably improved. There is a report of an improvement of the time resolution of single-photon pulses by 40% as compared with the photomultipliers having copper-beryllium dynodes. [87] The RCA-C31024 photomultiplier having five dynodes made of GaP-Cs is characterized by a leading front of single-electron pulses of ~0.8 nsec and a pulse duration of ~1.5 nsec at an amplification of 10 8 . C88i The most promising line of further improvement of the photomultiplier seems to be that of using transmission dynodes, which permit considerable improvement of the time resolution. Calculations Cl06:l show that when one uses one transmission dynode made of GaAs with an amplification of -100, one can get a duration of the leading front of -37 nsec and a pulse half-width of -135 nsec. Measurement of the service life of devices using GaP-Cs dynodes has shown that they are at least as stable as devices with the ordinary alloy dynodes.
The high secondary-emission coefficients render the new materials extremely promising also in use as targets for identification of particles at relativistic ener- [81] The principle of negative electron affinity is fruitful, not only as applied to photo-and secondary electron emitters, but also to other types of unheated electron emitters.
The possibility of using forward-biased surfacebarrier and p-n junctions as injection cold cathodes has been studied intensively over the past 5-10 years. Discovery of the phenomenon of negative electron affinity has facilitated a sharp improvement in the parameters of this type of electron emitter as well. The principle of action of injection cold cathodes with negative electron affinity is that, when a forward bias is applied to a p-n junction having an outer p-layer, electrons are injected into the conduction band of the latter. They diffuse to the surface and escape into the vacuum if the thickness of the p-region does not exceed their diffusion length and there is no potential barrier at the surface. The electron-injection coefficient a is designated as the ratio of the number of electrons injected into the p-region to the total number of carriers (electrons and holes) that constitute the direct current across the junction. The fraction β of the injected electrons that arrive at the surface of the p-layer is determined by the relationship between the thickness of the p-layer and the diffusion length of the electrons. The escape probability Ρ of these electrons into the vacuum depends on the same circumstances as in photo-and secondary emission from similar structures. The efficiency of a cold injection cathode, as defined as the ratio of the emission current to the current across the junction, is equal to the product of these quantities:
The efficiency depends on the material that the cathode is made of, on the technical possibilities of producing an outer p-layer of small enough thickness (in practice, several micrometers), and on the treatment of the surface. Considerable difficulties are involved with the need to create current-carrying contacts that do not disturb the structure of the thin junction.
A cold injection cathode based on an epitaxial p-n junction in GaAs with a surface activated with cesium and oxygen was first made in 1969.
C89:| Its efficiency was low, mainly because of an unfortunate geometry: the emitting surface was a lateral section of the p-n junction. Subsequently, a flat, thinly deposited p-n junction in silicon was used for this purpose.
A note i9o:
reports on getting an efficiency of cold emission of 2%, and a stable emission current of ~7.3 mA (at a current density of ~1 A/cm 2 ).
A number of foreign companies are vigorously involved in developing commercial injection cathodes. There are reports on preparation for sale of single and matrix p-n cathodes made of gallium phosphide, and on obtaining current densities up to several amperes per cm 2 in a steady-state mode, and more than 100 A/cm 2 in a pulsed mode.
C9i:1
At the same time, a second variant of the negativeelectron-affinity cold cathode has been developed: the optoelectronic cathode, in which optical excitation of electrons in the outer p-layer is used instead of injection into it, as the radiation of a light diode is absorbed in it. The optoelectronic cathode is a combination of an electrically controlled light source with a semitransparent photocathode. The efficiency of an optoelectronic cathode, i.e., the ratio of the emission current to the light-diode current, is determined by the product of the quantum efficiency of the light diode, the transfer coefficient of the radiation to the light-sensitive layer, the absorption of radiation in it, and the quantum yield of photoemission in the spectral region of emission of the light diode.
The appearance of gallium arsenide photocathodes having negative electron affinity immediately stimulated the invention of optoelectronic cold cathodes in which a semitransparent GaAs-Cs-O photoemitter had been directly deposited (with direct optical contact) on the emitting p-region of the light diode. The emission of the light diode occurs at a quantum energy somewhat smaller than the width of the forbidden band of the material. Hence, one chooses as the light-diode material an A^B V semiconductor having a width of forbidden band slightly exceeding the width of the forbidden band of GaAs, e.g., AlGaAs having low Al content (at the same time, this makes it possible to grow high-quality epitaxial GaAs films on its surface). With a forward bias on the p-n junction in the AlGaAs, electrons are injected into the p-region, where they radiatively recombine. The radiation (ην =1.4-1.6 eV) is absorbed in the p + layer of the GaAs grown on the p-region of the light diode. The generated photoelectrons diffuse to the surface, and they escape into the vacuum without substantial losses if the p-GaAs layer has the optimum thickness for a semitransparent photocathode.
The efficiency of the first cold cathodes of this type amounted to ~10~3. This was explained mainly by insufficient sensitivity of the thin (~1 Mm) semitransparent photocathode.
C92] The design and means of preparing optoelectronic cathodes have subsequently been refined: a photosensitive layer made of high-quality gallium arsenide doped with germanium was deposited by liquidphase epitaxy, and it had a thickness of 10-13 μηι, which permitted more complete absorption of the radiation. The surface of the GaAs was activated by cesium and oxygen until maximum photosensitivity had been attained, being 700-1000 MA/lumen.
C93:l Figure 11 shows the structures of an injection cathode made of Si and of an optoelectronic cold cathode made of GaAs having a working surface of ~10" 2 cm 2 . The ohmic contact with the n-region was made with In, and that with the p-region was made with a pressure point contact. The efficiency of the optoelectronic cathode was as much as 1.6-2%, and the pulse current density as much as 3 A/cm
2 . An approximate estimate of the theoretical limit of the efficiency when the thickness of the photosensitive layer is optimized, and with an internal quantum efficiency of the light diode of ~50%, gives a value of ~4%, if the escape probability of electrons is-0.15.
As a number of technological problems are solved, mainly involving the technique of creating contacts, and with further increase in the emission current density, cold cathodes of both types may successfully replace thermoelectronic cathodes in a number of electronic devices. These emitters are of especial interest for electron-ray devices, in particular, for creating manybeam projectors with independent control of the beams.
In closing the review, I might also mention a number of as yet not achieved projects to invent efficient photocathodes having emission stimulated by an electric field in which conditions of negative electron affinity are also used. The idea is known of using the strong electric field that arises in the depleted region of a reversebiased p-n junction for heating of electrons that have been optically excited in the ρ region in order to facilitate their escape through the surface potential barrier. Applying a reverse bias to a p-n junction having an outer n-region lowers the vacuum level with respect to the bottom of the conduction band of the ρ region, and it can give rise to a pattern analogous to the conditions of negative electron affinity. As we see in Fig. 12 , the electron affinity for electrons excited in the p-region is defined by the expression g. = «φ -%, -eU.
In order to produce such photocathodes, one must create structures having very sharp p-n junctions, with a thickness of the n-region comparable with the phononscattering length of hot electrons. The problem is discussed in of choosing optimal materials for building this type of photoemitters that are sensitive farther into the infrared than the existing ΝΕΑ photocathodes are. The fundamental criterion is a small width of forbidden band, a large phonon scattering length of hot electrons, and the possibility of creating a strong enough field at the junction without having a tunnel current and avalanche breakdown. By using an approximate quantitative estimate of the parameters of the transitions, it has been shown possible to create p-n photoemitters based on InAs. This requires creating an η-type surface layer with a donor concentration of 10 15 cm" 3 and a thickness of ~0.6-0.8 μπι. One must create a very thin n + -layer activated with Cs and Ο to reduce the work function in order to permit contact with the surface of the n-region. The possibility of making photoemitters based on materials having even narrower bands, InSb and HgCdTe, has been discussed.
Patent descriptions exist on photoemitters of this type based on a Ge-GaP heterojunction and silicon. [95 ' 96] In order to create a sharp fine-scale p-n junction on the surface of a p-Si plate, it has been proposed to use the method of ion implantation by 5-10 keV cesium ions, which become implanted to a depth of 50-200 A. The surface is activated with slow Cs ions to reduce the work function. An annular diffusional η-region provides for contact with the outer layer of the cathode.
The principle of action of an infrared photocathode having two heteroj unctions (with a transistor structure) has been discussed in t 9 7 3 for the system p-Ge-e-ZnSe- -GaAs · (Cs-O) having a surface activated to the point of negative electron affinity. Figure 13 shows the energy diagram of this structure with an applied external bias. In essence, this system is a combination of an illuminated, reversed-biased junction and an outer emitter junction through which electrons are injected from the basis into the p-type gallium arsenide. The outer layer is an ΝΕΑ photocathode in which optical excitation has been replaced by injection. The electrons that are excited by infrared radiation in the intrinsic band of the germanium (upon illumination from the substrate side) diffuse through the thin base (ZnSe), are injected into the GaAs, and escape into the vacuum, provided that the thickness of the GaAs layer does not exceed their diffusion length. The components of the three-layer structure were chosen with account taken of the idea that no potential jump (barrier) should arise in the conduction band at the boundaries of the two heterojunctions. The large width of the forbidden band of the base material (ZnSe) hinders the flow of a large hole current through the emitter junction.
There is as yet no information on the practical realization of photoemitters having an externally biased junction. To prepare them involves the great difficulty of producing structures having an extremely thin outer junction region (a fraction of a micron) with sufficient conductivity to ensure contact.
More than 100 original studies and several reviews 148 " 106 ] already have been concerned with describing the new class of efficient electron emitters and solving the problems that arise in preparing them. The rapid refinement of the parameters of the new emitters reveals the great interest of industry in producing devices having emitters that permit one to take a qualitative jump in an entire series of very important properties of these devices. The scientific value of the idea of producing and using negative electron affinity is unquestionable: the creation of a broad class of various emitters with negative electron affinity is one of the very great achievements of physical electronics throughout its history of existence.
''The electron affinity S a of a semiconductor is taken to be the energy spacing from the bottom of the conduction band to the vacuum level, which determines the height of the potential barrier for conduction electrons. 2) One of the reasons for this can be simply the increase in density of crystal-lattice defects as the percent composition of the narrow-band component of the compound increases.
